A large body of evidence indicates that the age at which a word is acquired predicts the time required to retrieve that word during speech production. Here we explored whether age of acquisition also predicts the experience of being unable to produce a known word at a particular moment. Italian speakers named a sequence of pictures in Experiment 1 or retrieved a word as a response to a definition in Experiment 2.
Language production is usually rather efficient. When presented with a picture of a Bdog^never seen before, speakers encounter no difficulty in naming the picture correctly as a Bdog.^Nonetheless, on some occasions, language production can be inefficient and speakers may be unable to retrieve the appropriate word. Failures during word retrieval occur even when the person knows there is a word to transmit her or his communicative intention. When temporarily unable to retrieve a known word, a speaker is experiencing a phenomenon called tip-of-the-tongue (hereafter, TOT; e.g., A.S. Brown, 1991 Brown, , 2012 R. Brown & McNeill, 1966) .
The frustrating sensation in which a known word is momentarily inaccessible is not an Ball-or-nothing^feeling. Speakers experiencing a TOT can often accurately retrieve some information associated with the intended word, such as partial phonological information or syntactic information, the initial phoneme, or its grammatical gender (e.g., A.S. Brown, 1991; Miozzo & Caramazza, 1997; Vigliocco, Antonini, & Garrett, 1997) . Thus, the TOT phenomenon constitutes perhaps the most intuitive evidence for the notion that the translation of our communicative intentions into a specific set of sounds is completed in distinct stages of processing. Consistent with this intuition, theories of speech production agree on the notion that word production involves the retrieval of different types of information (e.g., Caramazza, 1997; Dell, 1986; Levelt, Roelofs, & Meyer, 1999) . For instance, in the course of naming a picture, speakers need to retrieve the conceptual representation corresponding to the picture. Later on, speakers must retrieve the lexical and phonological information associated with the intended word in order to be able to initiate the articulatory-motor program and utter the word.
The TOT phenomenon is thought to reflect successful completion of access to the concept but failure during the retrieval of linguistic information. The most influential interpretation of the origin of TOTs assumes that the retrieval deficit arises in the transmission of activation between the conceptual and phonological systems (Burke, MacKay, Worthley, & Wade, 1991; Burke & Shafto, 2004) . Specifically, during a TOT the connections up to the word's phonological content are weakened, and therefore phonological retrieval is not fully achieved. Burke and colleagues (1991) argued that one of the critical causes that determines the strengthening of the connections is frequency of use: The less frequently a word is produced, the lower the opportunities to strengthen the semantic-to-phonological links, and consequently, the probabilities of experiencing a TOT (with that word) increase. At least two empirical observations are congruent with this hypothesis: One is that TOT states are more susceptible to be experienced with low-frequency than with high-frequency words (e.g., Burke et al., 1991; Harley & Bown, 1998) ; the second is the finding that bilingual speakers are more prone to TOTs than monolingual speakers (Gollan & Acenas, 2004; Gollan, Bonanni, & Montoya, 2005; Gollan & Silverberg, 2001; Pyers, Gollan, & Emmorey, 2009 ). Presumably the semantic-to-phonological mappings are weaker in bilinguals because they speak each language less time than monolinguals. That is, because bilinguals divide their frequency of use between two languages, the strengths of the connections in their speech production system are weaker than among monolinguals. In sum, the TOT phenomenon has relevant implications for the understanding of how linguistic information (i.e., lexical and phonological knowledge) is retrieved during language production, and word frequency seems to be a crucial variable determining the success of this retrieval process.
Nonetheless, word retrieval during language production depends on several other variables. It is a well-established phenomenon that the speed and accuracy with which speakers retrieve a word is influenced by the age in life at which that word was first learned. Specifically, early-acquired words tend to be named more quickly and accurately than late-acquired words, an observation known as the age-of-acquisition effect (hereafter, AoA effect; for reviews, see Johnston & Barry, 2006; Juhasz, 2005) . Thus, it could be the case that failures during word retrieval, as in TOT states, may depend on the age at which the words have been acquired. The main aim of the present research was to test this hypothesis.
Although AoA is one of the most reliable factors determining word production, there is still some disagreement about the representation of AoA in the speech production system (e.g., Catling & Johnston, 2009 ). One of the first interpretations of the effect suggested that early-acquired words are stored as Bcomplete^forms in the phonological lexicon, whereas late-acquired words are stored in a more Bfragmented^fashion (G.D.A. Brown & Watson, 1987 ; see also Gerhand & Barry, 1998) . Such a difference in the formats of the stored phonological representation would allow earlyacquired words to access their phonological representations more rapidly, resulting in shorter naming latencies. Although this hypothesis has been challenged by compelling evidence and lacks convincing evidence supporting it (e.g., Monaghan & Ellis, 2002) , the notion that AoA may arise, at least in part, during phonological encoding has been recently supported by other studies (e.g., Hernandez, & Fiebach, 2006; Kittredge, Dell, Verkuilen, & Schwartz, 2008; Navarrete, Scaltritti, Mulatti, & Peressotti, 2013) . A second line of research, first advanced by Bates, Burani, D'Amico, and Barca (2001) , hypothesizes that the AoA effect is mainly localized at the level of lexical retrieval. For instance, Belke, Brysbaert, Meyer, and Ghyselinck (2005) reported an interaction between AoA and semantic interference in a picture-naming task (i.e., lateacquired target words showed greater interference than early-acquired words). Under the assumption that semantic interference in picture-naming tasks arises during the selection of the lexical node, Belke and colleagues concluded that such an interaction indicates that (part of) the AoA effect emerges at the lexical retrieval level. However, AoA effects have been observed not only in language production, but in many other tasks, such as word reading, lexical decision, and semantic categorization, as well as in aphasic linguistic performance (for a review, see Johnston & Barry, 2006) , suggesting that this variable could also affect the input to the linguistic system and/or a stage that is common to both production and comprehension tasks, such as the semantic system.
It therefore seems reasonable to hypothesize that AoA does not selectively affect a single stage of processing during speech production, but that AoA effects are distributed across several stages (Brysbaert & Ghyselinck, 2006; Catling & Johnston, 2009; Ellis & Lambon Ralph, 2000; Holmes & Ellis, 2006; Navarrete et al., 2013) . Accordingly, a large empirical and computational tradition has focused on the factors that determine the phenomenon rather than on the layer of processing within the speech production system at which the phenomenon is localized. With regard to this, theories agree that two factors are critical in AoA effects: (a)the weights of the mappings between conceptual and linguistic representations, and (b)the Bnature^of these mappings. In their influential article, Ellis and Lambon Ralph presented a connectionist network in which early-acquired words have greater influence in modulating the network's weights between the input and output units of the network. The difference in the modulations would thus be explained in terms of reductions in the plasticity of the system for late-acquired words. That is, as the network learns new words, it becomes stable and decreases in its capacity to assimilate new weight patterns between input and output units. Lambon Ralph and Ehsan (2006) further argued that this account predicts that AoA effects should mainly emerge in those circumstances in which the input-tooutput mappings are arbitrary, as for instance in the semanticto-phonology mappings involved in picture-naming tasks. By contrast, when the mappings are not arbitrary, it would be possible to generalize from early-acquired (trained) words to later acquired (untrained) words, leading to a cancellation or reduction of AoA effects (see also Mermillod, Bonin, Méot, Ferrand, & Paindavoine, 2012; Zevin & Seidenberg, 2002) . Word reading, mainly in languages with transparent orthography-to-phonology conversion systems, is an example of nonarbitrary input-to-output mappings. In this case, reading late-acquired words could be performed through the grapheme-to-phonology conversion rules that were acquired when the network was exposed to the first words (i.e., earlyacquired words). Congruent with this hypothesis, AoA effects are larger in picture-naming tasks than in word-reading tasks (for a review, see Johnston & Barry, 2006) . In sum, there is theoretical consistency in localizing both the TOT phenomenon and (part of) the AoA effect in the mappings from semantic up to phonological representations. Nevertheless, to the extent of our knowledge, no attempt at studying the role of AoA in TOT states has previously been made. Our main aim here was to explore this role. Specifically, we investigated whether the probability of experiencing a TOT is predicted by AoA.
The present research
Although the relationship between frequency and TOTs has been studied extensively, there is only indirect evidence of the relationship between AoA and TOTs. For instance, in a normalized naming study of a set of photographs of celebrities, Bonin, Perret, Méot, Ferrand, and Mermillod (2008) observed that AoA predicts the percentages of TOTs. Another study showing some indirect, not conclusive, evidence for the relation between AoA and TOTs is that of Kittredge and colleagues (2008) . These authors analyzed the semantic and phonological picture-naming errors of 50 aphasic patients by controlling several variables, such as frequency and AoA. Two main observations in relation to the AoA variable were reported. The first was that AoA predicted phonological errors (e.g., Bmat^for Bcat^), but not semantic errors (e.g., Bdog^for Bcat^), suggesting that AoA affects the retrieval of the phonological content of the word (see the General Discussion below for further discussion of this point). The second observation, more relevant to our purposes here, was that AoA predicted the numbers of omissions that patients made. Similar to the TOT phenomenon, omissions reflect the inability to retrieve a target word. However, whereas TOT states reflect a failure during linguistic access, it is impossible to distinguish the level at which an omission occurs.
Indeed, omissions may occur at the conceptual level or during lexical and/or phonological retrieval.
In order to explicitly test the influence of AoA in TOT states with common nouns and in a not-brain-damaged population, two experiments were conducted. In Experiment 1, a set of 154 Italian nouns were selected for a picture-naming task. In Experiment 2, a set of 230 definitions were presented for a word-naming-to-definition task. Before the tasks, participants were informed that a TOT state described the feeling Bwhen you are sure you know the name to denominate the picture/definition but can't remember it,^and they were instructed to report when they were experiencing a TOT. Our main goal was to explore whether AoA predicts TOTs. AoA and word frequency are highly correlated variables, since early-acquired words tend to be higher in frequency (e.g., Chalard, Bonin, Méot, Boyer, & Fayol, 2003) . Thus, in order to check for AoA effects we needed to control for word frequency effects. We did this by adopting a mixedeffect approach (Baayen, 2008; Baayen, Davidson, & Bates, 2008; Barr, Levy, Scheepers, & Tily, 2013) . The statistical approach that we adopted here allowed us to specify which of the two variables (i.e., AoA or frequency) was a better predictor of TOTs (see below for details).
In summary, we expected to replicate previous studies and report that low-frequency words elicited more TOTs that highfrequency words (e.g., Burke et al., 1991; Harley & Bown, 1998) . In relation to the critical AoA variable, if access to linguistic representations during speech production is AoAsensitive, we should observe that AoA predicts TOTs over and above the effect of word frequency. Specifically, under the assumption that AoA determines the strengthening of the links between semantic and phonological units (Ellis & Lambon Ralph, 2000) , we expected to observe more TOTs for lateacquired than for early-acquired words. This would be independent of the task at hand (i.e., picture naming or naming to definition).
Experiment 1: picture naming
In Experiment 1, we explored whether AoA predicts the probability of experiencing a TOT in a picture-naming task. In order to estimate the AoA values, we followed the procedure generally used for constructing the normative databases of AoA, by asked adult participants who did not take part in the naming experiment when they thought they had first acquired each of the 154 experimental words. The word written frequencies of the selected items were counted on the basis of the Bertinetto et al. (1995) Italian corpus.
Besides the correlation with frequency, AoA tends to correlate in picture-naming tasks with other important psycholinguistic variables, such as name agreement measures (e.g., name agreement and the H statistic). Name agreement describes the proportion of participants who give the most common name to one specific item, whereas the H statistic is a logarithmic function describing the different names that an item receives and the proportion of participants giving each name (Snodgrass & Vanderwart, 1980) . It has been shown that the H statistic captures more information about the variability of names across participants than does the simple percentage-of-agreement measure (Snodgrass & Vanderwart, 1980 ; see also Alario & Ferrand, 1999; Snodgrass & Yuditsky, 1996) . Therefore, in this research we decided to control for the influence of the H statistic as a measure of name agreement. An H value of 0 indicates that all participants provided the same name in response to a picture, and the H value increases with the number of different given names. It has also been shown that word length correlates with AoA measures in picture-naming tasks. In a study conducted by Pérez (2007) , naming latencies showed a significant correlation between AoA and two word length measures, namely the number of phonemes and the number of syllables (e.g., Morrison, Chappell, & Ellis, 1997) . Here we controlled for word length effects by including as variables the numbers of phonemes and syllables.
Method
Participants Thirty native Italian speakers took part in the experiment (mean age= 33, SD= 17, range: 19-64).
Materials A total of 154 Italian common nouns were selected (see Appendices A and B). The target stimuli consisted of 58 pictures selected from different databases (Alario & Ferrand, 1999; Bonin, Peereman, Malardier, Méot, & Chalard, 2003; Dell'Acqua, Lotto, & Job, 2000) and 96 photographs selected from Internet. AoA values were estimated from a norming study with 24 new participants who did not take part in the main experiment (mean age= 20, SD= 1, range: 19-23). In this study, participants were instructed to rate the age at which they thought they had first learned each of the selected words, on a 1-9 Likert scale (1= learned at 0-1 year, 9= learned at age 15+, with 2-year age bands in between).
Design Ten different randomization lists containing the experimental items were created. Care was taken that two items of the same semantic category were never presented in consecutive trials, in order to avoid semantic priming (e.g., Navarrete, Del Prato, Peressotti, & Mahon, 2014) . Each experimental list was used a total of three times (across the 30 participants). Four filler pictures depicting very common objects (i.e., high-frequency and early-acquired objects) were selected as training items and presented twice before the experimental items. None of the participants reported TOTs with the filler pictures.
Procedure An experimental trial involved the following events. A fixation cross was shown in the center of the screen for 500 ms and was followed by the target picture for 10 s or until the participant's response. Participants were instructed to press the space bar to start the next trial. Stimulus presentation, logging of response times, and response recording were controlled by the DMDX program (Forster & Forster, 2003) .
Participants were instructed to report TOTs whenever they occurred. When unable to name the pictures within the 10 s of the stimulus's presentation, participants were asked to decide whether or not they knew the target name. They were instructed to respond Bdon't know^if they did not recognize the picture or if they thought that they had never known the appropriate name for that concept. If participants responded that they knew what the picture represented and that there was a word to name it, the experimenter asked whether or not the participant was in a TOT state. The experimenter waited about 5 s before providing the target name. After that, the experimenter asked the participant whether the intended target was the name that the participant was trying to retrieve (in the case that she or he was in a TOT state) or if she or he knew the word (in the other cases).
Analysis Responses were classified as GOT (as in Bgot it^) when the participant correctly produced the intended target name within the 10 s of the stimulus's presentation. Failures to name the target within the 10 s were classified into one of four major types: (a)positive TOT (TOT+), when the participant reported a TOT state that was later confirmed to be for the intended target word, or that was spontaneously self-resolved by the participant within the 5-s delay before the experimenter provided the target word; (b)negative TOT (TOT-), when the participant reported a TOT state but the intended target word did not correspond to the word that the participant was thinking of; (c)DK (Bdon't know^), when the participant reported not knowing the target picture or not knowing the target word provided by the experimenter; and (d)notGOT, when the participant did not respond (without experiencing a TOT state) or produced an erroneous picture name. We explored whether AoA and frequency predicted the probability of experiencing a TOT state using generalized linear mixed-effects models (GLMM; see the Results, below). Given the dichotomous nature of the dependent variable, we used a logistic model. Analyses were performed using the lme4 package (Bates, Maechler, & Bolker, 2011) with the R program (R Development Core Team, 2011).
Response scoring Due to a mistake in the randomization of the lists, the item flight of steps was not presented to two participants. The items dagger, locomotive, stapler, wharf, wine shop, and coat hanger were named more than 40% of the time with alternative names from those designed by the experimenter, and were excluded from the analysis. In addition, a total of 33 trials featured problems with the voice key and were discarded from the analysis. The analysis was based on a total of 4,405 trials. Participants successfully named 3,537 (80.3%) of the stimuli with the names designated by the experimenter (i.e., GOT responses). This also included responses containing the lemma form of the target word, diminutive forms, or responses with extra detailed information. In addition, participants successfully named 176 (4%) of the stimuli with names that could be scored as plausible responses but that were different from those expected. These responses included dialectal names or alternative names (e.g., rimmel instead of mascara, both Italian words to name mascara). The remaining responses consisted of 126 (2.9%) TOTs (range= 0-16). The TOTs were further divided into positive and negative TOTs, with 112 TOTs+ and 14 TOTs-. There were also a total of 49 (1.1%) DK responses and 517 (11.7%) notGOT responses (see Table 1 ).
Results
GLMMs were performed to investigate the roles of AoA and the other variables in GOT and TOT+ responses. Specifically, the following models were tested and compared. The null model (i.e., M0) contained intercepts only and no predictors. We first explored the influence of the order in which items were presented by adding the predictor item position in M1. Next, we explored the influence of the H statistic by adding this variable as a predictor in M2. Afterward, we explored word length variables by taking into consideration the variables number of phonemes (NumPhon) and number of syllables (NumSyll) as predictors in the M3a and M3b models, respectively. Subsequently, we explored the influences of frequency and AoA in M4 and M5, respectively. In each model we set the same random effects: subjects and items. For comparing the aforementioned models, we performed the likelihood ratio test and took into consideration the Bayesian information criterion (BIC; Schwarz, 1978) . In Table 2 , we report the results for the model comparison. ΔBIC indicates the differences between the null model (M0) and the other models; a positive ΔBIC value implies that a given model is better than the null model. In the last column we have included Bayes factor (BF) approximations, using the formula exp(ΔBIC/ 2) (Raftery, 1995) ; by using the BF, we were able to compare the relative evidence for different models. For example, a BF value of 3 indicates that one model is three times more likely than the null model. In general, the higher the ΔBIC and BF, the more likely the model is in comparison to the null model.
A direct comparison between M0 and M1 showed that the inclusion of the predictor item position did not improve the model fit, as indicated by the negative ΔBIC value of -4.3. The comparison between M0 and M2, on the other hand, showed that M2 explained the data 247 times better than M0. The upper left panel in Fig. 1 shows that words that elicited TOTs tended to have higher H values than did words named correctly (i.e., GOT responses). We therefore kept the H statistic as a critical predictor of TOTs and explored the influences of the other variables. The inclusion of the word length variables produced lower ΔBIC values (i.e., 4.12 and 5.44 for M3a and M3b, respectively) than the model containing the H statistic as the only predictor (i.e., 11.02 in M2), suggesting that the inclusion of these variables did not improve the model fit. Consequently, the length variables were not included in further comparisons.
The influence of frequency was explored in M4. This model showed a better fit in relation to the model with H as the unique predictor. This can be seen in the bigger ΔBIC parameter for M4 (13.11) than for M2 (11.02). The upper right panel in Fig. 1 shows that words that elicited positive TOTs tended to be less frequent than words that were correctly named (i.e., GOT responses). Subsequently, in M5 we explored the critical variable of AoA by adding this variable as a fixed factor to M4. Critically, M5 showed a better fit than M4: The ΔBIC parameter was bigger in M5 (21.16) than in M4 (13.11). This result suggests that AoA is a critical predictor of TOTs once the influences of the H statistic and frequency effects have been taken into consideration. The results show that TOTs are more likely to be observed with late-acquired words (see Fig. 1, bottom) .
Some researchers have proposed that rather than AoA estimates, it is more appropriate to use objective AoA measures (Ellis & Morrison, 1998 ; but see Zevin & Seidenberg, 2002) . Objective measures of AoA are derived from children's correct responses on picture-naming tasks. In order to explore whether the influence of AoA in TOTs that we have observed in this experiment was due to the use of subjective measures, we conducted the same analysis with objective measures of AoA. In a recent study, Lotto, Surian, and Job (2010) provided an Italian database of objective AoA measures from children between 2 and 11 years of age. We restricted the further analysis to the subset of items for which Lotto and colleagues' database provides objective AoA measures. Specifically, the analyses were performed of a subset of 85 items. The results mirrored those obtained with subjective AoA measures (see Table 3 ).
Discussion
The results of this experiment suggest that the probability of experiencing a TOT state during a picture-naming task depends on the age at which the word is acquired in life. However, before drawing further conclusions, we will report Experiment 2 in order to extend the main effect of AoA on TOT states and to address possible concerns that could be raised about Experiment 1. For instance, it is worth noting that the results of this experiment were performed on a small number of TOTs (i.e., 125). Indeed, the rate of TOTs that we obtained was lower than the rates obtained in other TOT studies that have also used a picture-naming task (e.g., Gollan & Acenas, 2004) . One could argue that our findings were due to the small set of words. It was therefore crucial to test the reliability of the main phenomenon with a larger number of TOTs. In order to increase the number of TOT observations, in Experiment 2 we used a more Bstandardt ask in TOT research. Participants were exposed to the definitions of common Italian nouns and instructed to retrieve the corresponding noun. In addition, we increased the number of materials by selecting a total of 230 definitions and tested almost double the number of participants in Experiment 1.
Another possible concern regarding the main findings of Experiment 1 refers to the fact that the group of participants who estimated the AoA measures was younger than the group of participants that took part in the naming experiment. Some studies have revealed that AoA ratings are better predictors of word processing when the AoA raters and participants are of the same age (e.g., Cuetos, Samartino, & Ellis, 2012) . Although the fact that the same pattern was observed with subjective and objective AoA seems to reduce this possibility, we aimed to replicate our main findings with both rater and experimental groups of similar ages. Finally, some studies have reported that AoA and familiarity are highly correlated variables, in as much as earlyacquired words tend to be more familiar than late-acquired words (e.g., Barca, Burani, & Arduino, 2002; Bates et al., 2001) . Furthermore, Barca and colleagues (2002) reported a significant correlation between the orthographic neighborhood and AoA variables in a word-reading study in Italian. In Experiment 2, we explored whether the effect of AoA on determining TOT states would remain when familiarity and phonological neighborhood predictors were added in a generalized mixed analysis (see also Pérez, 2007 , for an effect of phonological neighborhood on picture-naming latencies).
Experiment 2: naming to definition
Method Participants Fifty-eight native Italian speakers, students at the University of Padua, took part in the experiment. Their mean age was 20 years (SD= 2.2, range: 18-29). Then a group of 130 new participants from the same population took part in two norming studies. Of these, 80 participated in the AoA study (mean age= 20 years, SD= 1.2, range: 18-25) and 50 in the familiarity study (mean age= 20 years, SD= 4, range: 18-36).
Materials A total of 230 Italian common nouns were selected (113 came from the pool of items used in Exp. 1; see df, degree of freedom; Chisq (df), chi-squared and degree of freedom; p, probability value; BIC, Bayesian information criterion; ΔBIC, differences between the null model (M0) and other models; Approx. BF, Bayes factor approximation, exp(ΔBIC/2).
Appendices A and B). A definition was created for each of the selected words in order to elicit the verbal response in the naming-to-definition task. Definitions were created by two Italian native speakers (the authors R.V. and F.P.). AoA values were estimated as in Experiment 1, and familiarity values were estimated by means of a 1-5 Likert scale with which participants For the fit statistics, see the note to Table 2 . were instructed to rate how often they thought they were exposed to each of the selected words (1, very unfamiliar; 5, very familiar). The participants in both norming studies were exposed randomly to half of the selected words (i.e., 115). For each word, a total of 40 observations were collected in the AoA and 25 in the familiarity normative studies.
Design and procedure Stimuli were presented in a random order, with the only constraint being that two items from the same semantic category were never presented in consecutive trials. Each definition was read aloud by the experimenter, and participants were required to name the noun within approximately 10 s. Participants were tested individually, and response times and response recordings were not taken. Response scoring was the same as was described in the previous experiment.
Analysis and response scoring The same analyses were carried out as in Experiment 1. The items dawn, lamp, arsenal, nostril, fairy tale, and gust were excluded from the analysis because 35% of the times they were named with names alternative to those designated by the experimenter. The analysis was based on 12,992 trials, in which participants named 9,030 of the stimuli correctly (i.e., GOT responses, 69.5%). This included 171 responses with names that could be scored as plausible responses but that were different from what was expected (1.3%). The remaining responses consisted of 537 TOTs (range= 0-17), with 483 (3.7%) TOTs+ and 54 (0.4%) TOTs-. In addition, participants made 296 (2.3%) DK responses and 3,129 (24.1%) notGOT responses (see Table 1 ). The same GLMM analyses were conducted as in the previous experiment. In this experiment, before testing the influences of frequency and AoA, we explored the influences of six control variables: H statistic, number of phonemes, number of syllables, phonological neighborhood (Phon_N), frequency of the phonological neighborhood (Phon_N_MFreq), and familiarity. The Phon_N and Phon_N_MFreq values were taken from the PhonItalia database (Goslin, Galluzzi, & Romani, 2014) . The first four models were identical to models M1-M3b in Experiment 1. M1 contained the predictor item position, M2 the predictor H statistic, and M3a and M3b the word length predictors (i.e., NumPhon and NumSyll, respectively). The influences of the phonological neighborhood variables were explored in models M4a and M4b. In M5, we added the predictor familiarity. Finally, we explored the influence of frequency in M6 and the influence of AoA in M7. Following the same procedure as in Experiment 1, when a predictor improved the fit, that predictor was kept in the model for further comparisons. This procedure allowed us to estimate the relevance of the critical variables AoA and frequency, once all of the control predictors had been tested.
Results
TOTs The results are reported in Table 4 . We observed no item position effect (i.e., M1). In M2 the inclusion of the H statistic as a predictor increased the fit of the model in relation to M0. The predictor number of phonemes did not improve the model fit. By contrast, the inclusion of the predictor number of syllables produces a bigger ΔBIC parameter in M3b (i.e., 66.81) than in M2 (i.e., 64.01). We thus kept the predictor NumSyll and estimated the roles of the two variables related to phonological neighborhood. Neither Phon_N nor Phon_N_MFreq improved the model fit of M3b. We then added to M3b the predictor familiarity, which did improve the model fit, so that M5 had a greater ΔBIC parameter than M3b.
In sum, the preliminary analysis on the control variables suggested influences of the predictors H statistic, number of syllables, and familiarity. Specifically, increasing H and the number of syllables increased the probability of experiencing a TOT, whereas increasing familiarity had the opposite effect (see Fig. 2 ). We then estimated the relevance of frequency and AoA effects. By adding the predictor frequency to M4b, the model fit did not improve. In contrast, the inclusion of the AoA variable increased the model fit, suggesting a relevant role of AoA. As in Experiment 1, the probability of experiencing a TOT increased with late-acquired words (see Fig. 2 ). It is worth noting here that the analyses showed no effects of frequency once familiarity was considered. Similarly, no effect of phonological neighborhood size emerged once length in syllables was added to the model (but see below, in the Further Tests of the AoA Effect section). However, given the higher levels of collinearity between familiarity and frequency and between string length and number of neighbors (e.g., Sadat, Martin, Costa, & Alario, 2014) , further research will be needed to establish the precise relation and role of such variables in the TOT phenomenon (for further discussion, see Harley & Bown, 1998; Vitevitch & Sommers, 2003) .
Further tests of the AoA effect In a final analysis, we further tested the reliability of the AoA effect in TOT states. We compared the null model (i.e., M0) against seven different models, each of which contained one of the control variables as the only predictor (i.e., all of the variables except AoA). The results showed that the models that improved the fit in comparison to M0 contained the following variables as predictors: H statistic, number of syllables, phonological neighborhood, familiarity, and frequency (see Table 5 ). These results reveal effects of each of these variables in the TOT pattern, indicating that, when considered individually, all of these factors affect the likelihood of TOT states. In particular, high naming agreement, shorter lengths, high-density phonological neighborhood, high levels of familiarity, and high frequency values seem all to have protective effects on TOT occurrence. We therefore compared a model simultaneously containing all these five variables as For the fit statistics, see the note to Table 2 . fixed effects (i.e., MAll) and a second model containing the five variables plus the critical variable AoA (i.e., MAll_AoA). The comparison between these two models showed that the model containing AoA improved the fit (see Table 5 ). This result confirms the AoA effect even when all relevant variables (i.e., predictors) are taken into consideration.
General discussion
In the present study, we assessed whether the probability of experiencing a TOT state depends on the age at which the word is acquired in life. Our findings suggest that this is the case. Specifically, we observed that participants suffered more TOT states with late-acquired than with early-acquired words. This effect persists even when the frequency variable is taken into account. Indeed, the statistical analysis showed that AoA was a better predictor of TOT states than frequency. This pattern was observed in two different tasks, picture naming (Exp. 1) and naming to definition (Exp. 2), and when the influences of other word property variables were taken in consideration. In addition, the results with subjective AoA measures (i.e., estimates provided by a group of adult participants) were identical to those observed with objective AoA measures (i.e., when children can name objects) in Experiment 1, replicating the high correlations observed between these two measures (e.g., Lotto et al., 2010; Morrison et al., 1997) . Furthermore, the two experiments reported here replicated previous studies identifying other relevant variables on the TOT phenomenon. For instance, pictures and definitions with less consistency in the words they elicit (i.e., higher H statistic scores) are more prone to TOT states, replicating previous observations with common nouns (Mitchell, 1989) and proper names (Bonin et al., 2008) . We also observed that TOT probability increases with long words in the naming-to-definition task, consistent with Hanley and Chapman's (2008) study on proper names (for similar evidence with common nouns in a population of dyslexic children, see Hanly & Vandenberg, 2010) . In addition, less familiar words tend to evoke more TOTs (for similar findings, see Burke et al., 1991) . In spite of these observations, the most relevant observation of our experiments refers to the fact that AoA is the critical variable predicting the TOT phenomenon. AoA effects remained significant even when the effect of all other relevant variables were considered (e.g., name agreement, word length, neighborhood variables, familiarity, and frequency).
These results have relevant implications for psycholinguistic accounts of the TOT phenomenon. For instance, according to Burke and colleagues (1991) , transmission deficits up to the phonological units are determined by three factors: the frequency of use of the word, the recent use of the word, and the age of the speaker. In relation to the first of these factors, TOT states would be more likely to be observed with low-frequency words because of their weaker connections to phonological units, in comparison to high-frequency words (see also Gollan, Montoya, Fennema-Notestine, & Morris, 2005) . Our results are congruent with this interpretation. Nevertheless, our results show that AoA is a more reliable predictor than frequency. Under the assumption that early-acquired words have stronger and more consolidated connections within the speech production system (e.g., Ellis & Lambon Ralph, 2000) , it might be more likely to observe failures during the transmission of information with late-acquired than with early-acquired words. In other words, the Badvantagef or early-acquired words (i.e., they suffer fewer TOTs) would be explained by their strengthened semantic-tophonology connections, in comparisons to words acquired later in life. We conclude here that in order to fully characterize the TOT phenomenon, theories will need to deal with the AoA variable.
The age in life at which the semantic-to-phonology connections are established for a word will determine the probability of retrieving that word in later years (e.g., in Table 5 Fit indices reporting the control variables that, as the only predictors, improved the fit in comparison to M0, along with the model containing all of these variables (i.e., MAll) and the model containing all of these variables plus the critical variable AoA (i.e., MAll_AoA) in Experiment 2 (see the main text for details) For the fit statistics, see the note to Table 2. adulthood). This raises the question of how vocabulary is acquired during childhood. Hills and collaborators have characterized vocabulary acquisition by exploiting the structure of growing networks (Hills, J. Maouene, Riordan, & Smith, 2010; Hills, M. Maouene, J. Maouene, Sheya, & Smith, 2009 ). The authors argued that vocabulary acquisition is mainly determined by the principle of preferential acquisition, which states that the order of acquisition of words is driven by the connectivity of the words in the learning environment. Children would thus learn first the most well-connected words in the learning environment to which they were exposed-that is, the words used more frequently in their social context. As a consequence of this learning process, these words would maintain an advantage over new words learned in the course of life. According to this approach, semantic access and word retrieval processes are presumably highly interconnected, and therefore this poses the problem of understanding to what extents AoA affects semantic processes, linguistic processes, or both. The aim of the present research was to test whether AoA affects linguistic retrieval by using a TOT paradigm that clearly tapped into such a process (see Catling & Johnston, 2009; Navarrete et al., 2013 , for different methodological approaches exploring a similar issue). Given that the TOT phenomenon reflects failures during linguistic retrieval but not during semantic access, the AoA effect that we reported here should be (mainly) localized at cognitive processes involved in the retrieval of linguistic information (i.e., lexical and phonological units) during speech production. A prediction that follows from this reasoning is that highly proficient bilingual speakers who have acquired their second language in adulthood should show AoA effects in TOT states when speaking in their first language, but not when they speak in their second language. This is so because none of the words that they have learned in their second language could have been acquired early.
In the present research, we referred to a general architecture of the speech production system. Further research will be needed to localize at which level of the production system the transmission deficit in the TOT states occurs (i.e., early-TOT or late-TOT states, in the terms used by Gollan et al., 2014) . However, some interesting hints emerge from the pattern of effects obtained in the present research. The fact that variables related to the phonological forms of words, such as phonological neighborhood and number of syllables, significantly predict TOT states suggests that TOTs can occur at the level of phonological encoding. In addition, the fact that variables related to the retrieval of lexical units, such as frequency and familiarity, also predict TOT states suggests that such states can also occur during lexical processing. This is consistent with the notion that there may be more than one type of TOT (see Gollan et al., 2014) . Further studies will be needed to explore whether AoA mainly affects one or several levels of processing, as was suggested by Catling and Johnston (2009 ; see also Navarrete et al., 2013) . Evidence suggesting that it is more likely to localize AoA effects in the lexical-to-phonological mappings than in the semantic-to-lexical mappings derives from the study by Kittredge and colleagues (2008) . In their analysis of the picture-naming errors of 50 aphasic patients, they showed that AoA predicted phonological errors but not semantic errors. Although the first type of error occurs during the retrieval of the phonological content of the words, semantic errors reflected failures during lexical retrieval. Under the assumption that lexical-to-phonological mappings are more arbitrary than semantic-to-lexical mappings (Dell & Kim, 2005) , this pattern would be congruent with the notion that AoA effects arise mainly in tasks involving less arbitrary mappings (Lambon Ralph & Ehsan, 2006) . Our study shows that AoA determines the transmission deficit during TOT states. Further studies will be needed to specify whether AoA has more influence on the semantic-to-lexical mappings or the lexical-to-phonological mappings.
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